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We report that the finite thickness of three-dimensional topological insulator (TI) thin films
produces an observable magnetoresistance (MR) in phase coherent transport in parallel magnetic
fields. The MR data of Bi2Se3 and (Bi1−xSbx)2Te3 thin films are compared with existing theoretical
models of parallel field magnetotransport. We conclude that the TI thin films bring parallel field
transport into a unique regime in which the coupling of surface states to bulk and to opposite surfaces
is indispensable for understanding the observed MR. The β parameter extracted from parallel field
MR can in principle provide a figure of merit for searching TI compounds with more insulating bulk
than existing materials.
PACS numbers: 73.43.Qt, 73.20.Fz, 73.50.-h, 73.20.-r
Much of the experimental effort on 3-dimensional
(3D) topological insulators, an exotic class of quan-
tum matter,1,2 has been devoted to obtaining samples
with large bulk resistivities.3 This is essential to ob-
serving intrinsic transport properties of surface states4
and also a plethora of fascinating effects emerging from
hybrid structures combining TIs with other materi-
als.5–12 Observation of surface transport was once very
challenging, since the first identified TI materials13–17
tend to exhibit a conducting bulk.18–21 Recent break-
throughs in material design have produced TI com-
pounds with bulk resistivities over 1Ω ·cm (e.g. Bi2Te2Se
and (Bi1−xSbx)2(Se1−yTey)3).
22–25 Shubnikov-de Haas
(SdH) oscillations observed in these materials are of-
ten,25–31 if not always,20,21,32 attributed to surface Dirac
fermions. Another proven way of observing surface trans-
port in TI thin films is the use of electrical gating to de-
plete bulk carriers. Large effects of gating on the longi-
tudinal resistivity, the Hall effect, weak antilocalization,
and SdH oscillations have been reported.33–41 Although
these advances facilitate observations of surface trans-
port, they also increase the difficulty in measuring resid-
ual bulk conductivity and evaluating its impact on sur-
face transport, especially in thin films. A poorly conduct-
ing bulk can still couple surfaces with opposite chiralities,
which may damage fragile quantum states that rely on
topological protection. Deviation from exact quantiza-
tion of anomalous Hall resistance in magnetically doped
(Bi1−xSbx)2Te3 thin films can also be attributed to bulk
conductivity, which connects edge channels with opposite
current directions and hence causes dissipation.42 There-
fore development of sensitive techniques for measuring
bulk conductivity and related couplings is important for
making use of the interesting properties of the topological
insulators.
Here we show that electron transport in magnetic fields
applied parallel to TI thin films can serve as a conve-
nient and sensitive probe for detecting bulk conductiv-
ity and couplings between surfaces and bulk or among
surfaces. It is based on manifestation of weak antilocal-
ization (WAL) in parallel fields. At zero magnetic field
spin-momentum locking of surface Dirac fermions causes
a pi Berry phase43 and suppression of backscattering.44–46
Its consequence in electron transport is referred to as the
WAL.33,47 In an ideal 3D TI thin film each of the top
and bottom surfaces can be treated as a 2D system. The
principal effect of a parallel field is to shift the surface
states in momentum space, and this effect has no impact
on transport in low magnetic fields.48–50 However Fig. 1a
shows that inter-surface and surface-bulk scatterings pro-
vide a finite thickness to electrons in a non-ideal TI be-
cause electronic trajectories are no longer confined to the
surface.51–53 The magnetic flux generated by the paral-
lel field produces an Aharonov-Bohm phase which affects
electrons when they make a closed loop54 and causes pos-
itive magnetoresistance (MR), similarly to the positive
MR produced by a perpendicular field.47 The latter is
usually much more pronounced, and it has been a subject
of intensive studies.33,34,36,38,51,55–61 In contrast, the par-
allel field MR has not received systematic experimental
effort despite a few theoretical predictions on novel quan-
tum effects induced by the parallel magnetic fields.48,51,62
The weak (anti)localization effect in parallel field
transport was first predicted in 1981 by Altshuler and
Aronov (AA) for dirty metal films54, and was later gen-
eralized to cleaner films63,64 and bilayer systems.65 In this
paper we show that none of these models developed for
topologically trivial systems can fully describe the paral-
lel field MR observed in Bi2Se3 and (Bi1−xSbx)2Te3 thin
films. Our data point to qualitatively different regimes
for phase coherent transport in parallel magnetic fields,
and suggest that the essential ingredients include the ex-
istence of surface states, their coupling to the bulk, and
coupling between opposite surfaces. Knowledge obtained
from perpendicular field transport alone is insufficient to
provide a satisfactory description of the complicated elec-
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FIG. 1. (color online) (a) A possible closed-loop electron tra-
jectory in a topological insulator thin film (left) and its cross-
section projected perpendicular to the parallel magnetic field
(right). The electron’s motion may include transport on the
surface and in the bulk, as well as surface-bulk and the inter-
surface scatterings. (b) Cross-section view of electron trajec-
tories illustrating the Aharonov-Bohm (AB) phase induced
by a parallel magnetic field in various transport regimes.
Shown from top to bottom are AA54, DK63, BvH64, and RV65
regimes. See Eq. (1) for a definition of β.
tron systems encountered in this work. For instance, the
widely used two-channel model32,36,57,59 fails to explain
the ambipolar transport in (Bi1−xSbx)2Te3 thin films,
and the parallel field transport suggests the importance
of bulk conductivity in these films.
Fig. 1b illustrates several regimes of parallel field trans-
port. These include the AA regime for thin films with
mean free path much smaller than the film thickness
(le ≪ d),
54 the Dugaev-Khmelnitskii (DK) regime for
clean metal films (le ≫ d),
63 and the Beenakker-van
Houten (BvH) regime,64 which describes the crossover
between the AA and DK regimes. The correction to the
conductivity in all three regimes can be written in a uni-
fied form:
∆σ||(B) ≃ α
−e2
2pi2h¯
ln
(
1 + β
ed2
4h¯Bφ
B2
)
, (1)
where ∆σ||(B) ≡ σxx(B||)− σxx(0) ≃ −MR/ρxx(0). The
parameter α takes values of 1/2 and −1 respectively for
weak antilocalization and weak localization. In these tra-
ditional single layer systems the upper bound of β is
reached in the AA regime with βAA = 1/3 while the
DK regime gives the lower limit βDK = (1/16)d/le ≪
1.66 The dephasing field Bφ can be obtained by fit-
ting the perpendicular field magnetoconductivity (MC)
to the Hikami-Larkin-Nagaoka (HLN) equation,67 which
in both strong and weak limits of the spin-orbit coupling
(SOC) simplifies to:
∆σ⊥(B) ≃ α
−e2
2pi2h¯
[
ψ
(
1
2
+
Bφ
B
)
− ln
(
Bφ
B
)]
, (2)
where ψ(x) is the digamma function.
A similar magnetoconductivity exists also in coupled
bilayer systems, but its magnitude depends on the con-
ductivity and dephasing time of each layer (σxx,i and τφ,i,
i=1,2), as well as the interlayer tunneling (or transition)
time τs. For symmetric bilayers (with σxx,1=σxx,2 and
τφ,1=τφ,2=τφ) ∆σ||(B) follows the same form as Eq. (1)
with β = 2(1+s)/(1+2s)−ln(1+2s)/s and s = τφ/τs, ac-
cording to Raichev and Vasilopoulos (RV).65 In the weak
coupling limit (τφ ≪ τs) β is suppressed quadratically
β ≃ (4/3)(τφ/τs)
2 ≪ 1, whereas in the strong coupling
limit (τφ ≫ τs) β approaches 1 (see supplemental infor-
mation66).
Fig. 2 shows the magnetotransport results of Bi2Se3
thin films with thicknesses of 7-45nm for both perpen-
dicular and parallel field orientations. The parallel field
MC has a pronounced dependence on thickness, and its
field dependence is drastically different from that of the
perpendicular MC (Fig. 2a). Hall measurements show
that the sheet carrier density ns is in the range 1.8-
4.6×1013 cm−2,66 which indicates that the Fermi level is
located in the bulk conduction band, in agreement with
previous studies.16,21,56 The perpendicular field MC can
be fitted to the HLN equation(Fig. 2b), and α is close to
1/2 for all films (Fig. 2c). This is consistent with previous
measurements of Bi2Se3 across a large range of electron
densities,36 mobilities,36 and film thicknesses.56 At the
electron densities encountered in this work both surface
and bulk carriers are expected to contribute substantially
to transport. Nonetheless the WAL manifested in per-
pendicular field transport does not show any qualitative
difference from topologically trivial thin films with strong
SOC,47 such as Au thin films.68 It has been suggested
that strong scattering between surface and bulk states
makes the system behave as a single channel system when
the dephasing rate is much smaller than the surface-bulk
scattering rate.36,38,59,66 An angle-resolved photoemis-
sion spectroscopy (ARPES) experiment has found evi-
dence for strong surface-bulk scattering in Bi2Se3 when
the Fermi level is located in the bulk conduction band.69
Fig. 2d illustrates the strong thickness dependence of
the parallel field MC. The data are fitted to Eq. (1) with
α fixed at 1/2. Since Bφ can be obtained from the HLN
fits, β is the only free parameter. In Fig. 2e we fix T ≈ 2K
and show that for all thicknesses studied here β is close to
1/3, the value predicted by AA for topologically trivial
dirty metal films. The fact that β is nearly constant
implies that ∆σ‖(B) is proportional to d
2 in low fields
[see Eq. (1)].
Even though these observations seem consistent with
the AA prediction for a single bulk layer, this is only
30 20 40
0.2
0.3
0.4
0.5
 
 
β
d (nm)
T = 2 K
βAA=1/3
(e)
0.0 0.1 0.2
-1.0
-0.5
0.0
 
 
∆σ
⊥ 
(e2
/pi
h)
B (T)
    7 nm
  18 nm
  30 nm
  45 nm
(b)
óôõ
0.0 0.2 0.4
-0.1
0.0
(d)
 
 
∆σ
|| (e
2 /pi
h)
B (T)
   7 nm
 15 nm
 18 nm
 30 nm
 45 nm
ö÷ø
-0.2 -0.1 0.0 0.1 0.2
-2
-1
0
 
 
∆σ
 
(e2
/pi
h)
B (T)
  7 nm ||
40 nm ||
  7 nm ⊥
40 nm ⊥
(a)
0 5 10 15 20
0.2
0.4
 
   7 nm
 10 nm  15 nm
 20 nm  30 nm
β
T (K)
(h)
0 20 40
0.2
0.4
0.6
(c)
T = 2 K
α
 
 
α
d (nm)
=1/2
ù
ú
û
ü
0.0 0.5 1.0 1.5
-0.1
0.0
 
 
   2 K
   5 K
 10 K
 15 K
 20 K 
∆σ
|| (e
2 /pi
h)
B (T)
(f)
7 nm
0.0 0.1 0.2
-0.1
0.0
∆σ
|| (e
2 /pi
h)
 
 
   2 K
   5 K
 10 K
 15 K
 20 K
B (T)
(g)
30 nm
FIG. 2. (color online) Magnetotransport data of Bi2Se3 thin
films in perpendicular and parallel magnetic fields. (a) Mag-
netoconductivity (MC) in perpendicular fields ∆σ⊥(B), and
MC in parallel fields ∆σ‖(B) for films with thickness d =
7 and 40 nm. (b) ∆σ⊥(B) for various thicknesses (symbols:
experiment, lines: fits to the HLN equation). (c) Extracted
parameter α vs. the film thickness d. (d) ∆σ‖(B) for various
thicknesses [symbols: experiment, lines: fits to Eq. (1)]. (e)
Thickness dependence of β. The data in panels (a-e) were ob-
tained at T ≈ 2K. (f-g) ∆σ‖(B) at various temperatures for
films with (g) d =7nm and (h) d =30nm. (h) T -dependence
of β for d=7-30 nm. The inset shows a schematic band dia-
gram of the Bi2Se3 films.
a coincidence, because the AA regime requires the sur-
faces be separated by many scattering lengths, namely
d ≫ le. In each of the Bi2Se3 thin films, however, le for
the bulk carriers is found to be comparable to the film
thickness d (see supplemental information66). The le/d
ratio lies in the BvH regime where theory predicts that β
is considerably smaller than the measured value β ≈ 1/3.
Furthermore theories of single layer systems predict that
β depends only on the ratio le/d and should be nearly in-
dependent of T at low temperatures because le is mainly
determined by impurity scattering. In contrast, Fig. 2h
shows that β decreases by a factor of about two as T
is increased from 2K to 20K. This further proves that
the parallel field MC in Bi2Se3 cannot be explained by
traditional transport models developed for thin films.
The existence of the surface states and their couplings
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FIG. 3. (color online) Magnetoconductivity of an 18 nm thick
(Bi,Sb)2Te3 film at T=1.5K. (a) Hall resistance Rxy at vari-
ous gate voltages. (b) Gate voltage dependencies of the longi-
tudinal resistance Rxx (squares) and the Hall coefficient RH
(circles). In (a-b), The sign of Rxy and RH is set to +1 for
electrons. (c) MC in perpendicular fields for various gate volt-
ages. (d) MC in parallel fields. (e) Gate voltage dependence
of α. (f) Gate voltage dependence of β.
to bulk may be key to the observed parallel field MC.
A sizable portion of the current is carried by the sur-
face states in these films, and this inhomogenous cur-
rent distribution can account for the discrepancy between
the BvH prediction and the much larger experimental
values.64 The T -dependence of β can be attributed to
the variation in the ratio τφ/τsb, where τ
−1
sb is the scat-
tering rate between surface and bulk carriers and τφ is
the dephasing time. As suggested in the ARPES ex-
periment,69 τ−1sb is dominated by sample disorder at low
T , and hence is expected to be nearly T -independent.
Electron-electron interactions are the leading source of
electron dephasing at low T and hence τ−1φ ∝ T .
70,71
This implies that increasing T causes the surface states
to decouple from the bulk, resulting in decrease in the
finite thickness effect.
In Bi2Se3 both the high density of selenium vacan-
cies and various surface doping effects19,21 makes it dif-
ficult for back-gating to effectively suppress bulk trans-
port. This difficulty is remedied in (Bi1−xSbx)2Te3 com-
pounds,37,72 which display much improved gate tunabil-
ity.37,41 Ambipolar transport can be obtained reliably in
(Bi,Sb)2Te3 films grown epitaxially on SrTiO3. Fig. 3
shows transport data for an 18 nm (Bi,Sb)2Te3 sample
at T = 1.5K. At VG = 0 the sample is p-type, but at
large positive gate voltages (VG > 80V) it enters the
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FIG. 4. (color online) (a) Temperature dependence of α
at VG = −150V (hexagons) and +200V (squares). (b)
Schematic band diagrams for these two gate voltages. (c) T -
dependencies of β at VG = −150V and +200V. (d) β plotted
as a function of 1/T (squares, VG = +200V) and as a func-
tion of the coupling strength τφ/τs (line, symmetric bilayer in
RV theory65).
ambipolar regime where both electrons and holes par-
ticipate in transport.34,36,38,40,41 The hallmarks of this
regime include the appearance of extrema of RH , rever-
sal of RH ’s sign, a non-linear Hall resistance, and a maxi-
mum in Rxx.
41 These features can be explained on a qual-
itative level by a model with two channels: an electron
layer near the bottom interface and a hole layer near the
top surface, separated by an at least partially depleted
bulk layer. This resembles a coupled bilayer system.59,65
If the depletion layer is good enough, i.e. if the inter-
layer tunneling or transition rate τ−1s is comparable to
or smaller than the dephasing rate τ−1φ , α will shift from
1/2 to larger values 1/2 < α ≤ 1.59 This is indeed ob-
served in the (Bi1−xSbx)2Te3 sample shown in Fig. 3 as
well as in gated Bi2Se3 samples.
36,38,57
The temperature dependence shown in Fig. 4 may shed
more light on the nature of the magnetotransport. We
report data in two different transport regimes: first with
the gate voltage fixed at −150V placing the Fermi energy
in the bulk valence band, and second at +200V produc-
ing ambipolar transport. When the Fermi energy is in the
bulk valence band the bulk α is close to 1/2 and β has a
weak temperature dependence, similarly to Bi2Se3 thin
films with EF located in the bulk conduction band. This
is in stark contrast to the strong temperature dependence
seen in the ambipolar regime, where β decreases by a fac-
tor of about eight as T is increased from 1.5K to 20K.
As mentioned above, such a strong T -dependence of β is
not possible in single layer systems (whether in AA, DK,
or BvH regimes) but is possible in a bilayer system. In
the RV model of a bilayer system β increases monoton-
ically from 0 to 1 as the inter-channel coupling strength
s = τφ/τs increases. Assuming τs is T -independent, we
would expect s ∝ 1/T at low T .
The two-channel model explains at least qualitatively
the individual features of transport in (Bi,Sb)2Te3, but
nonetheless fails to explain transport in the perpendicu-
lar and parallel fields simultaneously. In this 18 nm sam-
ple α exceeds 0.9 when VG > 120V, which in the two-
channel RV model implies that the coupling between the
top and bottom layers is rather weak: s = τφ/τs ≤ 0.6.
Such small coupling would lead to β ≤ 0.1. In contrast,
Fig. 4d shows that β > 0.4 extracted from experiment is
corresponding to rather large coupling strengths in the
two-channel RV model.
The magnetotransport data shown above suggest that
transport in the ambipolar regime of the (Bi,Sb)2Te3
sample is beyond the description of the coupled two-
channel model. The large β parameters can only be at-
tributed to an extra source of MC in addition to the two
channels on (or near) the top and bottom surfaces. The
residue bulk conductivity is very likely responsible for
the third channel, which leads to extra parallel field MC
and underestimation of the coupling strength s from the
perpendicular field data. The bulk states also provide
venues for couplings between the top and bottom sur-
faces in the 18 nm thick sample, in which the thickness
is too large for significant inter-surface tunneling.53 The
sizable bulk conductivity inferred from this work is con-
sistent with recent measurements of quantum anomalous
Hall resistanceRAH in Cr doped (Bi,Sb)2Te3 thin films,
42
in which a bulk resistance on the order of 10 kΩ/square
at T = 1.5K can be estimated from the deviation of RAH
from RK ≡ h/e
2. Searching for TIs with more insulating
bulk will certainly help to achieve more precise quanti-
zation of RAH. A key signature for ideal TI thin films
would be observing β values approaching to zero.
In summary, we have shown that parallel field trans-
port can provide unique insight into electron transport
in 3D TIs that cannot be obtained from perpendicular
field transport alone. In particular, the β parameter ex-
tracted from the parallel field MR can in principle al-
low measurement of surface-bulk scattering and of the
bulk conductivity.73 The β parameter is expected to be
a figure of merit for characterization of 3D TI materials.
Further theoretical work will be valuable to establish this
parallel field method as a quantitative tool for study of
TIs.
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